Introduction
The Alpine region is particularly vulnerable to floods.
Precipitation typically increases with elevation in the Swiss
Alps, and at higher elevations the soils are often shallower, the vegetation more open and the terrain steeper. All of these factors contribute to a rapid conversion of precipitation into surface runoff (see e.g. Weingartner et al. 2003) . Together, floods, debris flows and landslides caused approximately 8 billion Euros of losses in Switzerland between 1972 (Hilker et al. 2009 ).
The major floods of the last 120 years occurred during typical synoptic situations such as potential vorticity (PV) cut-offs, PV streamers or zonal flow (Stucki et al. 2012) . Although the synoptic evolution of these situations is rather well understood, The major floods in Switzerland followed widespread heavy precipitation. The search for an atmospheric flood precursor may thus be conducted at the meso-to large-scale and focussed on the two main ingredients of heavy precipitation (see e.g. Doswell III et al. 1998) : (i) a strong and sustained moisture supply and (ii) ascent of the moist air.
Moisture supply for flood events has been studied using Lagrangian analysis techniques (e.g. Martius et al. 2013; Grams et al. 2014; Winschall et al. 2014; Piaget et al. 2014) .
These studies have shown that moisture associated with heavy precipitation can stem from in situ inland evaporation or can be transported to the flood area from distant oceanic evaporation.
The supply of moisture can also result from the combination of transport from multiple sources. Weather systems ensure the transport of moisture toward the flood area. Of particular relevance are atmospheric rivers (AR). ARs are long and narrow corridors of intense vertically-integrated water vapour transport (IVT, see e.g. Newell et al. 1992) . They form along the fronts of extratropical cyclones; maximum moisture transport occurs in the warm sectors of the cyclones and in the pre-frontal low-level jets (see e.g. Cordeira et al. 2013 ; Dacre et al. 2015) . ARs can extend over several thousand kilometres across oceans in the midlatitudes and are frequently linked to tropical moisture exports (Knippertz et al. 2013) . ARs are an important moisture source for floods along the US West Coast (see e.g. Ralph et al. 2006; Neiman et al. 2011) . They are also systematically associated with the strongest winter floods in Britain (Lavers et al. 2011) and with a large fraction of heavy precipitation in Europe (Lavers and Villarini 2013) . The transport of large quantities of moisture inland within ARs is the main reason for the association of ARs and floods.
Once a sufficient quantity of moisture is supplied, the second step in the generation of precipitation is the ascent of the moist air. A number of processes can be relevant for the lifting. (Caracena et al. 1979) or more recent floods in southern France (Ducrocq et al. 2008) . Dynamically forced ascent also often acts as a key ingredient to heavy precipitation and floods (Massacand et al. 1998; Schlemmer et al. 2010; Pfahl 2014; Grams et al. 2014) . Dynamically forced ascent includes forced quasi-geostrophic lifting as well as convergence of moist air masses (Doswell III et al. 1998; Giannakaki and Martius 2015) .
Beside convective and dynamical lifting, forced orographic ascent can suffice to generate heavy precipitation in the case of intense IVT toward mountains. Orographic ascent is, for example, the main precipitation mechanism when ARs encounter the coastal mountain ridges of the US West Coast (Neiman et al. 2011; Dettinger 2011) . The forced orographic ascent of moisture transported within ARs also recurrently results in heavy precipitation and floods over the Western US (see e.g. Ralph et al. 2006; Neiman et al. 2011; Rutz et al. 2014) .
Similar direct large-scale flood precursors have not yet been identified for Switzerland. The challenge is linked with the complexity and diversity of flood-triggering situations in Switzerland. In N Switzerland, upper-level cyclonic systems (i.e. PV cut-offs) pivoting around the Alps are related to flood events in summer (Stucki et al. 2012) , but a large fraction of the heavy precipitation events throughout the year is related to zonal westerly flow (see e.g. Stucki et al. 2012; Giannakaki and Martius This article is protected by copyright. All rights reserved.
Accepted Article 2015). In S Switzerland, heavy precipitation is strongly linked to upper-level troughs (PV streamers) located west of the Alps (see e.g. Massacand et al. 1998; Martius et al. 2006) . In addition to the various large-scale situations, multiple small-scale processes tied to the complex topography can be important for flood generation. These include convection (Helbling et al. 2006; Diezig and Weingartner 2007; Stucki et al. 2012) and local interactions of the flow with topography. For example, an AR transported large amounts of moisture toward the northern Swiss Alps in October 2011 . The precipitation that resulted from the extreme, large-scale moisture transport was only locally extreme and was related to a kilometre-scale precipitation enhancement along a small crest. Adding to the complexity, the local flooding (see Rössler et al. 2014) ultimately resulted from the interaction of rain and fresh snow. The snow cover is an important hydrological player in the formation of extreme discharge in Switzerland in general (Helbling et al. 2006; Diezig and Weingartner 2007; Stucki et al. 2012) .
The variety of hydrometeorological mechanisms that lead to flooding at multiple scales in Switzerland makes flood forecasting very challenging. However, a close connection between largescale IVT and heavy precipitation or floods has recently been demonstrated for areas in North America and Europe. This relationship is especially strong in mountainous regions where the condensation of moisture is primarily linked with orographic ascent (see also Lavers et al. 2014) .
In this paper, we investigate whether the flood events in Switzerland, as diverse as they are, are nevertheless systematically related to a distinct and recurrent signal of IVT. We analyse 14 extreme floods in Switzerland during the ERA-Interim reanalysis period (1979-present, see Dee et al. 2011) . The following section briefly presents the flood events and the data used. Section 3 then describes the flood-associated synoptic configurations, and section 4 compares the flood-associated IVT to the local climatology. Section 5 discusses one particular event in greater detail and vertical profiles are shown in section 6. Discussion, summary and conclusions follow in sections 7 and 8.
Data and methods

Data
For this study, we use Era-Interim, the latest global atmospheric reanalysis data set of the European Centre for Medium-Range Weather Forecasts (ECMWF) (see Dee et al. 2011) . The data has 60 vertical levels between the ground and 0.1 hPa, with a higher density of levels near the surface. The spectral resolution of the model is T255 and the data are interpolated on a 1 by 1 degree latitude-longitude grid. Era-Interim covers the whole globe at a 6-hourly resolution (0, 6, 12 and 18 UTC) for the period from 1979 to present. We used information about temperature, pressure, specific humidity and the 3-dimensional wind. IVT is calculated following e.g. Lavers et al. (2012) :
qu dp
qv dp
where g is the acceleration due to gravity, q is the specific humidity, u and v are the zonal and meridional wind components and p is the pressure.
We show hourly temperature and precipitation measurements taken at the automated weather station of La Chaux Switzerland (see Schmocker-Fackel and Naef 2010; Froidevaux 2014; Froidevaux et al. 2015) .
Selection of flood events
For the subsequent analyses we selected the most extreme Schmocker-Fackel and Naef (2010) defined flood events as follows: more than 10% of the stations operating at the time of the flood had to register a discharge with a return period exceeding
This article is protected by copyright. All rights reserved. The exact timing of the heavy precipitation related to a flood event can vary locally. Nevertheless, considering the whole affected areas, the maximum of precipitation intensity is found on the flood date or on the day before for all events. Therefore, we investigate here the flood-related IVT within this two-day period.
Synoptic description of the flood events
We first subjectively classified the 14 events based on the synoptic-scale upper-level flow and the moisture transport. Following previous studies (see Massacand et al. 1998; Kljun et al. 2001; Stucki et al. 2012) , we defined four synoptic categories: (i)
ARs with NW flow, (ii) ARs with W-SW flow, (iii) pivoting cutoffs (PCOs), and (iv) PV streamers. The categories are described in the following subsections and summarized in Table 2 .
ARs with NW flow
The flood events of February 1990, December 1991 and October 2011 were associated with Atlantic ARs and NW flow over Switzerland and mainly affected NW Switzerland (Table 2 ). These three events were preceded by a similar synoptic evolution:
namely, the passage of a PV trough over the Alps followed by the establishment a pronounced PV ridge. The upper-level flow evolution was accompanied in all three cases by a sharp air mass transition at the surface. Two main phases of synoptic development can be distinguished (see also Rössler et al. 2014; Piaget et al. 2014 , for October 2011 :
During the first phase, the eastern edges of upper-level PV troughs (Figure 2 (a,c,e)) were co-located with low level cold fronts, the passage of which led to a temperature decrease on the north side of the Alps (Figure 3 Section 4 addresses quantitatively how unusual the amplitude, direction and duration of the IVT whithin these ARs was by comparing it to the IVT climatology over NW Switzerland.
ARs with W-SW flow
The flood events on May 1999 in NE Switzerland and on 26
September 1987 in NW Switzerland were related to ARs with IVT from the sector W-SW over N Switzerland (see Table 2 ).
During the event of May 1999, an anticyclone was located over southwestern Europe and northwestern Africa and the mid- The IVT during these two events was as intense as for the three ARs with NW flow described previously but it was not oriented toward the main topographic barrier.
PCOs
Five flood events were associated with upper-level PV cut-offs pivoting around the Alps from the west, to the south and to
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Climatological analysis of IVT
ARs with NW flow
ARs with NW flow mainly affected NW Switzerland. The ERAinterim grid point at 47
• N-7
• E (marked with the letter J in Figure   1 ) is selected to represent this region. The IVT climatology at 47
• E, i.e. the IVT values for each 6-hourly time step between 1979 and 2011, is shown in Figure 9 . IVT is most frequent from WSW for all intensities; a second maximum is found from ENE. This article is protected by copyright. All rights reserved.
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October 2011 00 UTC and 10 October 2011 06 UTC happened during the three flood events (see also Table 3 ).
The 
ARs with W-SW flow
PCOs
The flood events related to PCOs correspond to IVT from approximately NE over Switzerland and mainly affected NE Switzerland. The IVT climatology is thus analysed at the grid point 48
• N-9
• E, which lies just upstream of NE Switzerland in the case of NE flow (see Figure 11 ).
All flood events were linked to exceptionally intense IVT, with
Accepted Article years (see Table 3 
PV streamers
The flood events related to PV streamers correspond to IVT from approximately S and mainly affected S Switzerland. The IVT climatology is thus analysed at the grid point 46 Table 3 ). In contrast, the event This article is protected by copyright. All rights reserved.
Accepted Article Doswell III et al. (1998) and found widespread quasi-geostrophic vertical forcing consistent with the approaching upper-level cutoff. Era-Interim is not suited for a more precise evaluation of the flow over the Alps and we refer to a convection-resolving numerical reanalysis of the event by Piaget (2015) for more details about the local flow. The reanalysis of Piaget (2015) is consistent with an important condensation within the SE flow above 700 hPa and contribution of moisture and hydrometeors from the southern alpine side to the precipitation over northern Switzerland. Piaget (2015) also reveals the contribution of convection to the total precipitation.
The 2007 event is hence notable because precipitation happened in the lee of the orography (considering the SE flow) and was probably primarily related to dynamical lifting and convection rather than orographic lifting.
Vertical profiles and stability
The IVT toward orography reflects the amount of moisture that is supplied for the generation of orographic precipitation.
The vertical distribution of moisture and atmospheric stability are two important environmental parameters that influence the conversion of water vapour into precipitation over orography (see e.g. Chow et al. 2012) . A detailed investigation of the meso-to micro-scale precipitation mechanisms during the 14 events is beyond the scope of our study and requires a higher resolution than that of Era-Interim. Era-Interim nevertheless benefits from the assimilation of data from two weather balloon launching stations within the study area (at Payerne and Milano, see Figure   1 ). We thus investigate vertical profiles from Era-Interim during the 14 events but limit the discussion to a general description of their similarities and specificities.
The exact profiles are specific to each case and evolve throughout the events. Three exemplary profiles are shown in Figure 16 to guide the discussion. They represent the events related to ARs with NW flow (Figure 16 found at mid and low levels (see e.g. the 1993 event in Figure   16 (c)).
In summary, the heavy precipitation periods of all 14 events correspond to nearly saturated moist neutral layers extending through several kilometres between the ground and 600 hPa. 
Discussion
Our study is based on IVT derived from coarse resolution reanalysis data with a temporal resolution of 6 hours. Here The main limitation of the IVT diagnostic is probably that it excludes all processes related to the transformation of atmospheric moisture into river discharge (e.g. related to cloud physics, snowmelt or soil moisture). Here, we relate the occurrence of highly damaging floods to a one-dimensional variable (the IVT toward orography at a single grid point of a global reanalysis). We reduce our analysis to a very simple form in order to highlight the particular importance of IVT.
Nevertheless, the strong relationship found here between IVT and the major Swiss floods indicates that, even if the highly damaging Swiss floods resulted from a complex combination of diverse processes, the large scale IVT may be the root cause of the majority of them.
An IVT-based forecasting tool for local flood events requires two conditions to work well: (i) a close relationship between IVT and local floods so that flood events can be captured by simple criteria with reasonable numbers of false alarms and missed events, and
(ii) a good predictability of the IVT intensity and direction.
Our study focuses on condition (i). The results in Table 3 show that by applying a set of thresholds of IVT perpendicular to orography, Regarding condition (ii), a recent study by Lavers et al. (2014) shows that the medium-range predictability of IVT is higher than that of precipitation over Western Europe; the skilful forecast horizon of IVT is up to three days longer than that of precipitation.
Based on the results of Lavers et al. (2014) , further studies are required to investigate the predictability of IVT at the particular locations considered here. Figure 1 ). The number of stations that recorded a discharge peak exceeding that of the 5-year return period within -2 and +4 days of the indicated flood date is shown in column 3. Column 4 shows the same for the 10-year return period. Figure 1 . Left: Map of Europe with elevation in grey shadings. Switzerland is highlighted by a solid black line around its border. Right: Map of Switzerland with elevation in colour shadings; the network of Swiss rivers and lakes is shown in blue and the names of the main geographical regions are written in black. In this study, we refer to the zones delimited in pink as NW, NE, SW, S and SE Switzerland. Point locations referred to in the paper are marked in red: the Era-Interim grid points at 47
Date
• N-7 • E, 46
• N-9 • E and 48
• E are selected to represent the Jura Mountains (J), the Ticino (T) and eastern Switzerland (E) in this study; (CDF) indicates the location of precipitation and temperature station measurements at the city of La Chaux-de-Fonds; (Suze) indicates the location of a river discharge station along the Suze River; (Payerne) and (Milano) are two weather balloon launching stations from which data are assimilated in Era-Interim.
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